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ANNUAL REPORT - YEAR 1
Regulation of the tumor suppressor activity of p53

in human breast cancer
IDEA

(08/01/97-07/31/98)

INTRODUCTION

Genetic alteration of p53 resulting in loss-of-function is a common event in
human cancer. This research is centered on testing the hypothesis that there are novel
mechanisms in human breast cancer involving functional inactivation of wild-type p53
besides such direct genetic alteration. Consistent with its function as a transcription
factor, the ability to bind to DNA has been shown to be central to the tumor suppressor
activity of p53. Thus, the immediate goal of this study is to identify and characterize
activities in human cells which affect the ability of p53 to bind to DNA in a sequence-
specific manner. Two such activities have been found. The first stimulates the ability of
p53 to bind to its sequence-specific binding site. The protein responsible for this activity
is the high mobility group protein HMG-1. A second activity has been identified which
binds in a sequence-specific manner to p53 binding sites, but is not p53 or one of the
known p53 family members. Preliminary studies have suggested that this factor can
compete with p53 for binding to DNA. It is proposed that such an activity could
interfere with the interaction of p53 with its target genes and thereby inhibit the ability
of p53 to activate gene expression. As the protein(s) that are responsible for this
inhibitory activity are still unknown, biochemical purification and identification of the
constituent polypeptides for this activity are underway. The activity will be purified by
a variety of biochemical means with the goal of generating either amino acid sequence
data or antibodies to allow for cloning of the relevant effector polypeptides.
Subsequently, the genes that encode the constituent polypeptide(s) will be cloned and
the resulting gene products will be characterized. Two approaches have been proposed.
First, microsequencing of purified proteins will be used to generate oligonucleotide
probes for screening. Second, antibodies will be made to these purified proteins and
used to screen a prokaryotic expression library.

The long term goal is to determine the relevance of both the enhancing activity,
identified as HMG-1, and this inhibitory activity, as yet uncharacterized, in human
breast cancer. Human breast tumor samples would be screened for alterations in the
expression of these factors which affect the DNA binding activity of p53. The
identification of proteins which regulate wild-type p53 is an important focus for breast
cancer research since the regulation, mechanism of action, and metabolism of such
proteins would be central to our understanding of breast cancer and the aberrant
expression of such proteins would represent novel important mechanisms of
carcinogenesis.

BODY

Results

Further characterization of nuclear extract from Saos-2 cells has identified two
activities which influence the ability of p53 to bind to DNA in a sequence-specific
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manner. The first is the high mobility group protein, HMG-1, and the second is an, as
yet uncharacterized, factor which can inhibit the binding of p53 to a subset of its binding
sites. Preliminary studies involving nuclear extracts derived from several different cell
lines identified a cellular factor which bound to synthetic p53 consensus binding site but
did not appear to be p53. This data was published in the Journal of Biological
Chemistry as part of a larger study (18). The studies described here further characterize
two novel cellular factors which bind in a sequence-specific manner to only a subset of
p53 binding sites.

High mobility group proteins. In an attempt to further characterize p53EF, several
known factors which have been shown to enhance the DNA binding of other
transcription factors were examined. Among these, it was found that three of the high
mobility group proteins, HMG-1, HMG-2, and HMG-I(Y), all were capable of
stimulating the sequence-specific DNA binding activity of p53 in vitro, but only HMG-1
was capable of enhancing the transcriptional activity of p53 in cells. The high mobility
group proteins were each expressed in bacteria and purified. Human p53 protein was
purified from recombinant baculovirus-infected insect cells. Electrophoretic mobility
shift assays were performed using as radiolabeled probes each of the two p53 response
elements from the human p21 promoter. Incubation of increasing amounts of either
HMG-1, HMG-2, or HMG-I(Y) enhanced the ability of p53 to bind to either of these
sites. Plasmids expressing each of these HMG proteins were transfected into p53-null
Saos-2 cells with an expression vector for p53 and luciferase reporters constructs that
contain either of the p53 sites from the p21 promoter upstream of a minimal adenovirus
Elb promoter. Expression of HMG-1 but not HMG-2 or HMG-I(Y) stimulated the
ability of p53 to transcriptionally activate via either of these sites. This latter result
suggests that additional levels of regulation occur in the intact cell such that only HMG-
1 affects p53-dependent transcription.

As already noted, two p53 binding sites in the human p21 promoter have been
identified which mediate the transcriptional responsiveness of this promoter to p53.
The sequence of one of these, the 5' site, matches well to the previously identified
consensus for p53 binding with C residues in the fourth position of each of the four
pentamers which make up the p53 binding site. The binding of p53 by a monoclonal
antibody, mAb 421, enhances the ability of p53 to bind to this site. The sequence of the
second site, the 3' site, contains a G in place of a C residue in the fourth position of one
pentamer. Interestingly, the binding of mAb 421 to p53 inhibits the ability of p53 to
bind to this site. Mutational analysis showed that a single base change can cause one
site to behave similarly to the other site. A response element in the promoter of the
human cdc25C gene has been identified to which p53 bound with similar properties as
the 3' site. These results demonstrate the existence of two classes of p53 binding sites in
the human genome and that the binding of p53 to these two classes of sites can be
differentially regulated by binding of mAb 421. This is a novel example of the
regulation of binding site selection by a transcription factor and suggests a possible
mechanism for selectivity in target gene activation by the p53 protein. These studies
resulted in a publication in Genes and Development (15) (see Appendices).

Electrophoretic mobility shift assays in which HMG-1 was added to DNA binding
mixtures containing mAb 421 demonstrated that HMG-1 can also enhance the ability of
p53 to bind to both the p21 5' site and the p21 3' site in the presence of mAb 421
However the effect of HMG-1 was much more dramatic on the binding of p53 to the
p21 3' site than the p21 5' site. Thus, quantitation of the EMSA results showed that in the
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absence of mAb 421, HMG-1 enhanced the binding of p53 to either the p 21 5' site (ten-
fold) or to the p 21 3' site (three-fold). In contrast, in the presence of mAb 421, the
enhancement by HMG-1 on binding to the 5' site was slight (1.3 to 1.4-fold) whereas the
enhancement of binding to the 3' site was six-fold. These results suggest that the
presence of HMG-1 not only enhances the binding of p53 to both sites in the presence
of mAb 421, but that, in fact, HMG-1 can reverse the inhibition of binding of p53 to the
3' site that is seen in the presence of mAb 421.

These EMSA results may merely reflect the ability of HMG-1 to enhance the
DNA binding of p53 under all conditions, rather than specifically reverse the inhibitory
effect of mAb 421. To directly address this question, a level of HMG-1 protein was used
in EMSA studies which did not measurably enhance the DNA binding of p53 to either
the 5' site or the 3' site. Thus, a range of HMG-1 from 20-100 ng was insufficient to
enhance the binding of p53 to either the 5' or the 3' site. Nevertheless, this level of
HMG-1 protein was capable of relieving the inhibitory effect of mAb 421 on the binding
of p53 to the 3' site. Incubation with 60 ng of HMG-1 enhanced the supershifted
complex whereas it had no apparent effect on the binding of p53 to the 3' site in the
absence of mAb 421. In contrast, there was a minimal effect of this level of HMG-1 on
the binding of p53 to the 5' site in the presence of mAb 421. Addition of this level of
HMG-1 to the p53 reaction mixes containing mAb 421 with the 5' site as probe did not
increase the amount of supershifted complex. These results suggest that the ability to
relieve the mAb 421 inhibitory effect and enhancement of DNA binding are separable
functions of HMG-1. This is a direct demonstration that the ability of HMG-1 to
enhance the binding of p53 to DNA under a variety of condition can be distinguished
from the specific ability of HMG-1 to reverse the ability of mAb 421 to inhibit the
binding of p53 to the 3' site. Since reversal of the mAb 421 inhibition occurs at much
lower levels of HMG-1 than enhancement of DNA binding, the results presented here
are consistent with the possibility that catalytic amounts of HMG-1 may be required for
one function (reversal of inhibition by mAb 421) whereas stoichiometric amounts may
be necessary for the other (enhancement of DNA binding).

BOB1 and BOB2. Electrophoretic mobility shift assays were performed with nuclear
extract from p53-null Saos-2 cells using the p53 element from the human bax promoter
as radiolabeled probe. Four distinct complexes were identified. Competition
experiments demonstrated that two of these complexes were non-specific. The two
specific complexes were referred to as bobi and bob2 (kinder of bax). These complexes
were unaffected by the presence of anti-p53 antibodies. Further, bobi and bob2 failed
to bind to the upstream element from the p21 promoter nor did they bind to
oligonucleotides corresponding to the p53 response elements of the gadd45 gene and
the downstream element of the mdm-2 gene. As all of the currently identified p53
family members appear to interact with DNA with a similar sequence specificity to that
of p53 itself, it can be argued that bob1 and bob2 represent novel factors. Increasing
amounts of nuclear extract will inhibit the binding of purified p53 to DNA and similarly
increasing amounts of purified p53 will block the formation of the bobi and bob2
complexes. This suggests the intriguing possibility that bob1 and bob2 may bind to a
subset of p53 binding sites and block the interaction of p53 with those elements.
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Discussion

HMG-1. HMG-1 and 2 belong to a highly conserved family of abundant chromatin-
associated nucleoproteins that have shown to both bind and bend DNA (1, 4, 11-13).
These features have been associated with their apparent ability to enhance the activity
of transcription factors. Sequence-specific activation of the progesterone receptor (11),
the estrogen receptor (19), HOX proteins (21), and Oct-i, -2 and -6 proteins (23) have
been reported in the literature. Although HMG-1 and -2 do not exhibit
sequence-specific binding to DNA, it is postulated that they recognize architectural
features of DNA such as palindromes, B-Z DNA junctions, cruciforms, and stem-loops.
HMG-I(Y), on the other hand, prefers to bind to A/T-rich tracts of DNA (1) but there is
also in vitro evidence of HMG-I(Y) binding to cruciform structures (2, 22), non-B-form
structures in supercoiled plasmids (10) and distorted regions of DNA found on
nucleosome core particles (14). Thus, it was surprising that HMG-I(Y) behaved
similarly to HMG-1 and -2 in their effects on the in vitro DNA binding of p53. Since
these sites do not contain A/T tracts, the mode of interaction might indeed be
architectural rather than sequence specific. The palindromic nature of the consensus
sequence may provide structural recognition for the HMG proteins.

The amount of HMG protein required for reversal of the mAb421 effect on the 3'
site was insufficient for enhancement of binding of p53 to these sites. These results
suggest that there may be two distinct mechanisms that are in operation. Recent
evidence that HMG-1 binds directly to p53 may help to explain these results (6). One
can postulate that stoichiometric amounts of HMG-1 may be required to interact with
p53 yet lesser catalytic amounts may be sufficient to relieve the mAb421 inhibition
effect.

Although HMG-1, -2 and -I(Y) had similar effects on the DNA binding reaction in
vitro, transfections in cells yielded different results for these three HMG proteins. Only
HMG-1 enhanced the p53 dependent transactivation of the reporter vectors. This
specificity may be apparent only in a transfection assay because of the presence of
undefined cellular factors that may be required for transactivation.

BOB1 and BOB2. Preliminary results indicated that the binding of p53 and bob1 or
bob2 to this p53 response element were mutually exclusive, suggesting that these
factors may actually compete with p53 for binding. Elucidation of the roles of these
factors in p53-mediated transactivation must await the cloning of their respective genes
and the direct examination of their interactions with p53 response elements, as well as
the mechanisms regulating their functions. One can speculate, nonetheless, that these
factors may modulate p53 function by competing with p53 for binding to a subset of
p53 response genes, in particular, bax. If this is indeed the case, it would represent a
novel mechanism for regulating the function of the tumor suppressor p53. To date, it
has been shown that the ability of p53 to bind DNA can be regulated by
phosphorylation (17, 20), acetylation (16), and sequestration both by cellular and viral
proteins (3, 5, 7-9). This would be the first example showing that the binding of p53 to
DNA also is regulated by a competitive inhibitor. Further, if these factors do compete
with p53 for binding to the bax promoter, one could hypothesize that alterations in the
activities of these factors may explain the reported differential regulation of
p53-mediated transactivation of bax as compared to other target genes.
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Adherence to Statement of Work

Year 1
Experiments to be performed in Year 1 were completed as planned. Cellular factors
have been identified and partially characterized.

Year 2
Purification of the two factors, bob1 and bob2, are underway as planned for Year 2.

CONCLUSIONS

The goal of the research contained within this proposal was to characterize
cellular factors which regulate the interaction of p53 with its sequence-specific binding
sites. Two such factors have been studied. The first is an activity which enhances the
DNA binding activity of p53 and has been identified as being the high mobility group
protein HMG-1. The second is an, as yet unidentified, activity which inhibits the binding
of p53 to a subset of p53 response elements. The research supported by this funding
has produced two publications (15, 18). In the coming year, the interaction of HMG-1
and p53 will be more fully characterized and the inhibitory factors will be purified and
their constituent polypeptide(s) will be cloned. Characterization of both these sets of
factors are an important first step in determining whether they play a role in affecting
the tumor suppressor activity of p 5 3 in human breast cancer.
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Identification of a novel class a second set of two palindromic pentamers, the two half-

sites being separated by no insert or insertions from 1-13
of genomic DNA-binding sites bp (El-Deiry et al. 1992). Such a consensus site is consis-

suggests a mechanism tent with the fact that p53 exists in solution and binds to
DNA as a tetramer (Friedman et al. 1993). It has beenfor selectivity in target gene proposed that to accommodate a symmetrical tetrameric

activation by the tumor p53 on such a site, the DNA must bend (Balagurumoor-
p ,rotein thy et al. 1995; Nagaich et al. 1997a,b). Studies to datesuppressor p53 have implicated the C residue at position 4 of each

pentamer as essential for the binding of p53 to DNA
Lois Resnick-Silverman,' Selvon St. Clair,' (Halazonetis et al. 1993; Nagaich et al. 1997b).
Matthew Maurer,' Kathy Zhao,7 The structure of p53 is consistent with its role as a
and James J. Manfredi" 3  transcription factor with identified domains that are re-

sponpible for transcriptional activation, sequence-spe-
'Derald H. Ruttenberg Cancer Center and the 2Brookdale cificFDNA binding, and oligomerization as a tetramer.
Center for Molecular and Developmental Biology, Mount Previous studies have implicated the carboxy-terminal
Sinai School of Medicine, New York, New York 10029 USA 30 amino acids of p53 as exerting a negative regulatory

effect on the DNA-binding activity of the protein. Dele-
There are two response elements for p53 in the promoter tion of these carboxy-terminal 30 amino acids, phos-
of the gene for the cyclin-dependent kinase inhibitor phorylation of sites within this region by casein kinase II
p21. The binding of p53 to the 5' site was enhanced by and protein kinase C, and the binding of bacterial DnaK
incubation with monoclonal antibody 421, whereas the in this region all will activate the DNA-binding activity
binding of p53 to the 3' site was inhibited. Mutational of p53 (Hupp et al. 1992; Takenaka et al. 1995). Consis-
analysis showed that a single-base change caused one tent with this, the mAb 421, which has an epitope in this
element to behave like the other. A response element in carboxy-terminal region, activates the ability of p53 to
the human cdc25C promoter is bound by p53 with prop- bind to DNA (Funk et al. 1992; Hupp et al. 1992; Hala-
erties similar to the 3' site. These results identify two zonetis et al. 1993; Mundt et al. 1997). Finally, a peptide
classes of p53-binding sites and suggest a mechanism for derived from the carboxyl end of p53 has also been
target gene selectivity by p53. shown to stimulate the ability of p53 to interact with

DNA, although not to the same extent as the activators
Received March 25, 1998; revised version accepted May 27, identified previously (Hupp et al. 1995).
1998. DNA damage induces expression of p53 protein

which, in turn, transcriptionally activates expression of
particular genes, most notably those that encode the cy-

The tumor suppressor protein p53 has been implicated in clin-dependent kinase inhibitor p21. Consistent with
the cellular response to DNA damage and mediates ei- this, cells that lack p21 expression have an impaired p53-
ther growth arrest or apoptosis, depending on particular dependent response to DNA damage (Brugarolas et al-
cellular conditions (see Gottlieb and Oren 1996; Ko and 1995; Deng et al. 1995). The human p21 promoter has
Prives 1996; Levine 1997). It has also been implicated in been shown to contain two p53-responsive elements.
a spindle checkpoint (Cross et al. 1995) and in the induc- Deletion analysis of reporter constructs containing the
tion of either differentiation (Shaulsky et al. 1991; Aloni- sequence of the human p21 promoter identified a distal
Grinstein et al. 1993; Soddu et al. 1994) or senescence element located 2.3-2.5 kb and a proximal element lo-
(Sugrue et al. 1997). The p53 protein is a transcription cated 1.1-1.5 kb from the start site of transcription (El-
factor that binds in a sequence-specific manner to par- Deiry et al. 1993,1995; Macleod et al. 1995).
ticular sites in the genome and activates transcription of In this report we have confirmed the existence of twc
target genes (for review, see Gottlieb and Oren 1996; Ko p53-responsive elements in the human p21 promoter.
and Prives 1996; Levine 1997). Utilizing immunobinding One of these, the 3' site, matches the consensus se-
assays involving the monoclonal antibody 421, a consen- quence for p53 DNA binding at 18 of 20 positions. No-
sus binding site for p53 has been defined and consists of tably, there is a G residue in place of the C residue in the
four pentameric repeats of RRRCW in which R is a pu- fourth position of the first pentamer (Fig. 1). In contrast
rine and W represents either an A or T residue (El-Deiry to other known p53-binding sites, the binding of p53 to
et al. 1992; Funk et al. 1992; Halazonetis et al. 1993). this 3' site in the p21 promoter is inhibited by mAb 421.
Two palindromic pentamers (half-site) are juxtaposed to This suggests the existence of a new class of genomic

sites in which the binding of p53 may be regulated dif-
ferentially. Because p53 has been implicated in a variety

[Key Words: Tumor suppressor; DNA binding; sequence specificity; p53 of cellular responses, an understanding of the mecha-
protein; transcriptional activation; binding sites]
'Corresponding author. nism for selection of target genes by p53 is central to
E-MAIL jmanfredi@smtplink.mssm.edu; FAX (212) 849-2446. understanding its biological functions. The results pre-
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..... __ ..... p53-negative Saos-2 cells with empty vector or a plasmid
GAACATGTCCcAACATGTTg
CrTGTACAOG9TTGTACAAc expressing either human wild-type p53 or the human

temperature-sensitive mutant p53 ".4 3 . The tempera-
ture-sensitive mutant p5 3 AIa 143 is in a mutant conforma-

3, site l tion at 37'C. At this temperature, it is unable to activate1 0. 9 kb) a (1. 3 kb)

5, site -fp53-response elements. However, when shifted to 32°C,
4 -43 this mutant can assume a wild-type conformation andTATA

ATAT has been shown to activate some p53-responsive promot-
G..... O T -13 ers (such as p21) but not others (such as Bax) (FriedlanderGAA9AAGaCTGGGC'ATGTCT

CTc-.rQct0ACCCTACAGA et al. 1996). Cells were maintained at 370C or shifted to"32°C, 17 hr prior to lysis. At 37°C, a luciferase reporter

Figure 1. Schematic of p21 promoter. Shown is 2.5 kb of the containing a single copy of the 5' site was activated
upstream sequence of the human p21 promoter; 2.2 kb from the 1730-fold by wild-type p53, but only 2-fold by p53Al`43.

start site of transcription is a well-documented p53-binding site The reporter plasmid containing two copies of the 3' site
at positions -2281 to -2262. It matches the published consensus was activated 380-fold by wild-type p53, but again only
sequence for a p53 DNA binding site in 18 of 20 positions; the 2-fold by p53"'. The reporter vector lacking either
variations from the consensus are shown by lowercase letters. A r-fol ement was reporter activaceing eion
second site with similarity to the consensus sequence is 1.3 kb response element was minimally activated by expression
upstream from the start site of transcription. Contained within of either the wild-type or mutant p53 (Fig. 2A). At 32 0 C,
positions -1395 to -1376, this sequence also matches the con- the luciferase reporter containing a single copy of the 5'
sensus at 18 of 20 positions. Note that in this 3' site, the fourth site was activated 1154-fold by wild-type p53 and 792-
position of the first pentamer contains a G rather than a C fold in the presence of p 5 3 Aa 43. The reporter plasmid
residue (shown in lowercase and boldface type). The position of containing two copies of the 3' site was activated 362-
the TATA box of the promoter is also indicated, fold by wild-type p53 and 96-fold by the mutant

p53Ala143. A luciferase reporter plasmid containing the

sented here suggest one potential mechanism for such full-length p21 promoter p2lP was activated 16-fold by
site selection by p53. wild-type p53 and ninefold by the mutant p53 l43 . At

32°C, the reporter vector lacking either response ele-
Results ment was not activated by either wild-type or mutant

Two p53-responsive elements are present p53 (Fig. 2B). These data confirm that there are two p53-

in the human p2 e promoter response elements in the human p21 promoter, each of
which is sufficent to confer p53-dependent transcriptional

Using a series of deletion constructs, two p53-response activation on a luciferase reporter gene containing the
elements had been identified previously in the human minimal adenovirus Elb promoter. Additionally, neither
p21 promoter (Macleod et al. 1995). A well-characterized the 5' nor the 3' site is activated by the temperature-sen-
element was located 2.4 kb upstream from the start site sitive mutant p 53Aal43 at 37°C, whereas at 32°C both sites
of transcription, and a second element had been sug- are activated, although less so than by wild-type p53.
gested to be present 1.1-1.5 kb from
the start of transcription (Fig. 1). We _

demonstrate that both a 20-bp 5' el- 4 A37C ....... ........ ..............- - ---- B 32-C
ement, located between -2262 and 12 ......... ........... -- ----..

-2281, and a 20-bp 3' element, lo- ... ... 15 ...............a~10 -------
cated between -1376 and -1395, are ....... ........... .......-
each sufficient to transactivate a re- cp o rte g en e in a 53 -de en den m an - • 6 •................................ ................ . ................................
porter gene in a p53-dependent man- 6

ner (Fig. 2). D ouble-stranded syn- 4 ............ . . ....... .... . .......................*..........

thetic oligonucleotides containing 2 ...... .... ....... 2 ..... ......

either one copy of the 5' site or two 0

copies of the 3' site w ere inserted vector a voo a143 rvtor WI o t r,143 vecr wt w a a1043voetorwt •1•143veotorM aW a,43 vector alal

into a reporter vector, pGL3- none 5 (lX) 3 (2X) none 5' (1X) 3' (2X) p21P

ElbTATA, containing the El b pro- pTATA Insert pTATA insert

moter upstream of a luciferase re-
porter gene. Although a single copy Figure 2. Two p53-response elements are present in the p21 promoter. Saos-2 cells were
of the 3' site conferred p53-depen- transfected as described in Materials and Methods with 2 pg of the indicated reporter

dent transcriptional activation on constructs in the absence or presence of either 50 ng of pCMV-p53wt, an expression vector
encoding human wild-type p53 under the control of the CMV promoter (light and dark

the minimal promoter (see Fig. 5B, bars, respectively), or 50 ng of pCMV-p53*1t1 43, an expression vector encoding the tem-
below), two copies of the 3' site perature-sensitive mutant p53Al" 43 (solid bars). Cells were either maintained at 37`C (A)
showed a more pronounced effect or shifted to 32°C 17 hr prior to lysis (B) and then were assayed for luciferase activity and
and were used in the experiments total protein levels as described in Materials and Methods. The indicated values are the
described here (Fig. 2). Each reporter average of three (37°C) or four (32°C) independent experiments that had been performed in
construct was cotransfected into duplicate.
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pf21 S, p21 3'Two p53-binding sites are present in the human p21 pp F to 2) p21 3' (S.

promoter PAb 421 PAb 421 PAb 421 PAb 421

Double-stranded oligonucleotides that contain the. se- 5 10 5 10 5 10 s 10 5 10 5 10 5 10 s 10 ng p53

quence of the 5' and 3' sites were synthesized and used A e..
in electrophoretic mobility shift assays (EMSAs). The 5'
site was bound by purified p53, and this binding was ]
competed by an excess of unlabeled 5' site (Fig. 3A, lanes . j ..
2-4), as well as an excess of the 3' site (Fig. 3A, lanes
8-10), but not by an unlabeled oligonucleotide contain- 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

ing a mutated sequence of the 5' site in which the C
residue in the fourth position of each pentamer has been G c

m utated to a T residue (Fig. 3A, lanes 5-7). The 3' site G1ACAT =CCe ACATGTTG GAAAAGeTCGCATGTeT

competes approximately threefold less well than the 5' CTTGTACAGGGTTGTACAAC CTTCTTCTGACCCGTACAGA

site for the binding of p53 protein to a labeled 5' site (Fig. p21 $"(CttoG) p213'(G'toe)
3A, lanes 2-4, and 8-10). The mAb 1801 supershifts the Figure 4. Mutational analysis demonstrates the importance of
p53-5' site complex efficiently, demonstrating the pres- the Ciesidue in the fourth position of a pentamer in respon-
ence of p53 in that complex (Fig. 3A, lane 11). As has siveness to mAb 421. Purified p53 (5 or 10 ng as indicated) was
been reported previously for a p53 consensus site (Funk incubated with labeled probes containing the 5' site (lanes 1-4),
et al. 1992), mAb 421 also efficiently supershifts the p53- the 5' site with the residue at position 14 mutated to a G (C14 to
5' site complex and in so doing enhances the binding G) (lanes 5-8), the 3' site (lanes 9-12), or the 3' site with thethat is seen (Fig. 3A, lane 12). residue at position 4 mutated to a C (G4 to C) (lanes 13-16). The

labeled probes had equivalent specific activities. Reactions were
The 3' site also was bound by purified p53, and the performed either in the absence (lanes 1,2,5,6,9,10,13,14) or

binding of p53 to a labeled 3' site was effectively com- presence (lanes 3,4,7,8,11,12,15,16) of mAb 421. The arrow (--)
peted by the unlabeled 3' site (Fig. 3B, lanes 2-4), as well position of the p53-DNA complex; (]) position of the super-
as the unlabeled 5' site (Fig. 3B, lanes 8-10) but not the shifted p53-DNA-antibody complex.
mutated 5' site with all four C residues altered (Fig. 3B,
lanes 5-7). Consistent with the results of the competi- peared to inhibit the binding of p53 to the 3' site and
tion analysis using the labeled 5' site, the unlabeled 5' supershifted what little DNA-binding complex that was
site competed threefold better for binding to the labeled detected only poorly (Fig. 3B, lane 12). This latter result
3' site as the unlabeled 3' site (Fig. 3B, lanes 2-4, and suggests the intriguing possibility that the optimal bind-
8-10). mAb 1801 again supershifted the p53-3' site com- ing of p53 to each of these sites may require different
plex (Fig. 3B, lane 11) efficiently. Surprisingly, in con- conformations of the p53 tetramer.
trast to the result with the labeled 5' site, mAb 421 ap-

Mutation of a C residue affects responsivenessp21 5" p21 5'

A P215 (utatd) p213' - B p213T (.=td) p2l S' V to mAb 421

The 3' site diverges from the published consensus for
Sp53-binding sites in two positions. The residue in posi-

-bi ,• WW "* w tion 4 of the first pentamer is a G (instead of a C residue),
and the residue in position 3 of the second pentamer is
an A residue (instead of a pyrimidine). The binding of p53

I421 (Fig. 4, lanes 9-12). However, when a 1-bp change,
G' to C residue, was engineered in this sequence and
used as the labeled probe, the binding to p53 was en-
hanced in the presence of mAb 421 (Fig. 4, lanes 13-16).
Thus, mutation of G4 to a C, thereby creating a site with

1 2 3 4 S 6 7 8 9 1011 12 13 1 2 3 4 S 6 7 8 9 ,011 12 13 four consensus pentamers, allowed the binding of p53 to
Figure 3. Monoclonal antibody enhances the binding of p53 to this site to be enhanced by mAb 421.
the 5' site but inhibits the binding of p53 to the 3' site. (A) An The reverse effect could be achieved through mutagen-
EMSA using as labeled probe the 5' p53-binding site; (B) an esis of the 5' site. This site conforms to the consensus
EMSA using as labeled probe the 3' p53-binding site. Five nano- sequence in that a C residue is present in the fourth
grams of purified p53 protein was incubated alone (lane 1), in position of each pentamer. A labeled 5' probe bound to
the presence of a 17-, 33-, or 50-fold excess of each unlabeled increasing amounts of p53 (Fig. 4, lanes 1-2) and this
competitor, as indicated (lanes 2-10), or in the presence of a 4 pl binding could be enhanced in the presence of mAb 421
of mAb 1801 (lane 11) or 4 pl of mAb 421 (lane 12). p21 5' bC 14

(mutated) refers to a 5' site in which the fourth postion of each (Fig. 4, lanes 3,4). When mutated 5' (C' 4 to G) was la-
pentamer has been mutated to a T residue. A sample that does beled and used in this EMSA, its binding to p53 was
not contain any p53 protein is shown in lane 13. (-) The posi- inhibited in the presence of 421 (Fig. 4, lanes 5-8) just
tion of the p53-DNA complex; (1) the position of the super- like the 3' site (Fig. 4, lanes 9-12). Therefore, the primary
shifted p53-DNA antibody complex. sequence of the response element can determine

2104 GENES & DEVELOPMENT



Site selectivity of DNA binding by p53

whether the binding by p53 is enhanced or inhibited by results were obtained with a radiolabeled oligonucleo-
antibody 421. tide containing the sequence of the 3' site of the p21

promoter (Fig. 5A, lanes 4-6). These results are in con-
There is a p53-response element in the promoter trast to the ability of mAb 421 to enhance and supershift
of the human cdc25C gene with properties similar the complex of p53 with a radiolabled oligonucleotide
to the 3' site containing the 5' site from the p21 promoter (Fig. 5A,

A search in the human genome database for other variant lanes 1-3). These results demonstrate that the site from

p53-binding sites that consist of four pentamers, only the cdc25C promoter binds to p53 in the presence ofp53-indng ite tha cosis offourpenames, nly mAb 421 with similar properties as the 3' site from the

three of which contain C residues in the fourth position, p21 promoter.

was performed. A site in the promoter of the cdc25C Tomdterm

gene, which encodes a cell cycle-regulated protein phos- cdc25C promoter can act as a p53-response element in

phatase that is necessary for progression into mitosis, cells, an oligonucleotide containing a single copy of the

was subjected to further analysis. A radiolabeled syn- s, an ofis site was tin ing adjace o of the

thetic oligonucleotide containing a sequence from the sequence of this site was inserted adjacent to the adeno-

human cdc25C promoter is bound by purified human virus Elb minimal promoter in a luciferase reporter plas-
hmin an d25 promote iSA l ne 7). by 1801purifiedhu n mid. This construct was compared to constructs con-p53 in an EMSA (Fig. 5A, lane 7). mAb 1801 supershifts #gaining two previously characterized p53-response ele-

this complex efficiently, whereas mAb 421 inhibits the

binding of p53 to this site (Fig. 5A, lanes 8,9). Similar ments, namely one from the human bax promoter, and
one of the two intronic sites found in the IGFBP3 gene,

'A the so-called box A site (Buckbinder et al. 1995; Miya-
A shita and Reed 1995; Friedlander et al. 1996; Ludwig et

p215' p21-3 Cdc25C al. 1996). These reporter constructs were compared to a
S• 0 plasmid containing a single copy of the 3' site from the

S4 A. 'r, p21 promoter and a plasmid containing a single copy of
the 5' site that contains all four C residues altered.
Saos-2 cells were transfected with increasing amounts of
the wild-type p5 3 expression vector in the presence of

Sjji i ithese various reporter constructs. Wild-type p53 acti-
1 2 3 4 s 6 7 8 9 vated reporters containing the Bax, IGFBP3-A, 3' site,

and Cdc25C sites, but not a reporter containing the mu-
B tated 5' site (Fig. 5B). This demonstrates that the site

0.2 from the cdc25C promoter is sufficient to confer p53-
S- dependent transcriptional activation on a heterologous

0.15 -.. luciferase reporter construct. Thus, mAb 421 differen-
Stially affects the binding of p53 to two different genomic

binding sites that can mediate p53-dependent transcrip-
0 " itional activation.S0 .05 -- -- --- - -- -- -.-- -

Discussion
S.... . p... . 3... .. 0 . ... The binding of the mAb 421 to p53 stimulates the ability

Sax IGFBP3-A p21 S'mut p21 3 (1X) Cdc25C

pTATA Insert of p5 3 to bind to one set of genomic sites that conform to
a previously identified consensus sequence and inhibits

Figure 5. The p53-response element in the promoter of the its ability to bind to another set of genomic sites that
human cdc25C gene has properties similar to the 3' site. (A) An deviate from that consensus. This ability to regulate the
EMSA using as radiolabeled probe the 5' site (lanes 1-3), the 3' seviete selecthat o f DNA bi ity tr a tion
site (lanes 4-6), or the site from the cdc25C promoter (lanes sequence selectivity of DNA binding by a transcription
7-9). The probes had an equivalent specific activity of labeling, factor, even in an in vitro setting, is a novel finding. A
Five nanograms of purified p53 was incubated in the absence provocative unanswered question is whether the inhibi-
(lanes 1,4,7) or presence of either 4 pl of mAb 421 (lanes 2,5,8) or tion seen in the presence of mAb 421 has a physiological
the presence of 4 pl of mAb 1801 (lanes 3,6,9). (-*) The position counterpart in the cell such that the sequence-specific
of the p53-DNA complex; (1) position of the supershifted p53- binding of p53 to elements such as the 3' site is regu-
DNA-antibody complex. (B) Saos-2 cells were transfected as lated. The relevance of the mAb 421 effect will remain
described in Materials and Methods with 2 pg of the indicated an open question until cellular conditions are identified
reporter constructs in the absence (open bars) or presence of that produce selective inhibition of these variant p53-
increasing amounts of pCMV-p53wt (50, 100, 200, or 500 ng, response elements. Previous studies suggest some pos-
shaded bars), or 500 ng of pCMV-p53ala143 (solid bars). Appro- sible mechanisms, including regulation by the coactiva-
priate amounts of the vector pCMV were added to each trans-
fection mixture to maintain a total level of plasmid DNA of 2.5 tor p300 and phosphorylation by particular kinases. The
pg. Cells were maintained at 37'C and assayed for luciferase coactivator p300 recently has been shown to stimulate
activity and total protein levels as described in Materials and the sequence-specific DNA-binding activity of p53 (Gu
Methods. The indicated values are from a representative experi- and Roeder 1997), and the DNA-binding activity of p53
ment that had been performed in duplicate, can also be stimulated by phosphorylation by casein ki-
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nase II, protein kinase C, and cyclin-dependent kinase at 2300 rpm and then resuspended in lysis buffer containing 500 m
(Meek et al. 1990; Takenaka et al. 1995; Wang and Prives NaCI. Extracts were diluted to 100 mm NaCI, applied to a 0.5-nil Ni-

1995). Studies to examine the role of these different ki- NTA-agarose column (Qiagen) that was equilibrated with 20 rum HEPES
nses. aStuwellas po ex ine the regulaio n of the e aiif nty o- containing 100 mm NaCl, and eluted with 200 mm imidazole containing
nases, as well as p300, in the regulation of the ability of 10 mm HEPES, (pH 7.4) and 5 mm NaCl. Fractions of 0.5-ml were col-
p53 to interact with elements such as the 3' site in the lected, dialyzed against 10 mm HEPES (pH 7.4), 5 mm NaC1, 0.1 mLnt
p21 promoter are essential to address these possibilities. EDTA, 20% glycerol, and 1 mm DTT, aliquoted, and stored at -701C.

Depending on particular cellular conditions, the tu-mor suppressor protein p53 has been reported to induce EMSAs
Complementary single-stranded oligonucleotides were annealed, and

growth arrest in both the G, and G2 phases of the cell ends were filled using the Klenow fragment of DNA polymerase to pro-
cycle, mediate an apoptotic response, or trigger altema- duce the following double-stranded oligonucleotides: p21 5'-AATTCTC-
tively a differentiation or a senescence pathway (see Got- GAGGAACATGTCCCAACATGTTGCTCGAGAATT; p2l 3'-AATFC-
tlieb and Oren 1996; Ko and Prives 1996; Levine 1997; TCGAGGAAGAAGACTGGGCATGTCTTCTACCTCGAGAATT; p21

tlb and .en 1997) Becaus th ves DNA-bi g atvity o9 5' (mutatedi-AATTCTCGAGGAATATATCTTGAATTCTTCCTCGA-
Sugrue et al. 1997). Because the DNA-binding activity of GAATI; p21 5' (C'4 to G)-AATTCTCGAGGAACATGTCCCAAGAT-
p53 appears to play a role in each of these physiological GTTGCTCGAGAATT; p21 3' (G4 to C}-AATTCTCGAGGAACAAG-
responses, the ability of p53 to select among various tar- ACTGGGCATGTCTTCTACCTCGAGAATT; and Cdc25C-AATTCT-
get genes to elicit a particular cellular response is central CGAGGGGCAAGTCTTACCA2TTCCAGAGCAAGCACCTCGAGA-
to the regulation of its biological function. To date, the iTT.

Purified p53 protein, 3 ng of labeled double-stranded oligonucleotide,
identification of a mechanism for the regulation of target and hybridoma supernatant where appropriate, were incubated in a total
gene selectivity by p53 has been elusive. The results pre- volume of 30 pl of DNA binding buffer containing 20 mans HEPES jpH
sented here, albeit under nonphysiological conditions, 7.5), 83 m_\t NaCI, 0.1 mrm EDTA, 12% glycerol, 2 mm MgCI 2, 2 n-mt

suggest one potential mechanism by which such selec- spermidine, 0.7 mm DTT, 133 pag/ml BSA, and 25 pg/ml poly[d(I-Ci] for
30 main at room temperature. Samples were loaded on a native 4% acryl-

tivity may be achieved. It will be important to determine amide gel in 0.5x TBE and electrophoresed at 4°C at 200 V for 2 hr. The
whether such a mechanism occurs during any of the gel was dried and exposed to Kodak XAR-5 film using an intensifying

various cellular responses to p53 and to identify the tar- screen at -70°C. Bands were quantitated using the Molecular Analyst
get genes that are relevant in each situation. Phosphorimaging system (Bio-Rad).
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The tumor suppressor protein p53 has been impli- tion of particular target genes most notably that of the cyclin-
cated in the response of cells to DNA damage. Studies to dependent kinase inhibitor, p21 (5). Consistent with this, cells
date have demonstrated a role for p53 in the transcrip- that lack p21 expression have an impaired p53-dependent re-
tional activation of target genes in the cellular response sponse to DNA damage (6, 7). This transcriptional activation of
to DNA damage that results in either growth arrest or f21 expression is mediated by the interaction of p53 with two
apoptosis. In contrast, here is demonstrated a role for tesponse elements located in the p21 promoter (8).
p53 in regulating the basal level of expression of the The DNA binding activity of p53 appears to be regulated by
cyclin-dependent kinase inhibitor p21 in the absence of the terminal 30 amino acids of the protein. Phosphorylation by
treatment with DNA-damaging agents. Wild-type p53- either casein kinase II or protein kinase C, acetylation by p300,
expressing MCF10F cells had detectable levels of p2 1 and binding by a monoclonal antibody 421, or the bacterial
mRNA and protein, whereas the p53-negative Saos-2 dnaK protein all occur within this region of p53 and will acti-
cells did not. Saos-2 cells were infected with recombi- vate
nant retrovirus to establish a proliferating pool of cells athe ability of p53 to bind to DNA in a sequence-specific
with a comparable constitutive level of expression of manner in vitro (9-15). There have been several reports that
wild-type p53 protein to that seen in untreated MCF10F the ability of p53 in nuclear extracts to bind to DNA requires
cells. Restoration of wild-type but not mutant p53 ex- the presence of antibody 421, leading to the notion that p53
pression recovered a basal level of expression of p21 in exists in a latent form prior to DNA damage (10, 12). Consist-
these cells. Constitutive expression of luciferase re- ent with this idea, microinjection of the antibody 421 into cells
porter constructs containing the p21 promoter was in- activates p53-dependent expression from reporter constructs
hibited by co-transfection with the human MDM2 pro- (13, 16). Thus, it has been proposed that in untreated cells, the
tein or a dominant-negative p53 protein and was p53 protein exists in a latent state that is unable to bind to
dependent on the presence of p53 response elements in DNA and that the ability of p53 to activate target gene expres-
the reporter constructs. Furthermore, p53 in nuclear sion is not merely dependent on the increase in protein level
extracts of untreated cells was capable of binding to but also requires post-translational modification of p53 to con-
DNA in a sequence-specific manner. These results impli- vert this latent form into a form that is active for DNA binding
cate a role for p53 in regulating constitutive levels of (12, 17). This notion is supported by studies demonstrating that
expression of p21 and demonstrate that the p 5 3 protein p53 becomes phosphorylated at particular sites after treatment
is capable of sequence-specific DNA binding and tran- of cells with DNA-damaging agents (18, 19).
scriptional activation in untreated, proliferating cells. Prior to the cloning of the gene, it was noted that p21 was

absent from cyclin/cyclin-dependent kinase complexes in cells
lacking functional p53 (20). Other studies have noted that the

The tumor suppressor protein p53 is a transcription factor level of p21 mRNA was much lower in fibroblasts and kerati-
that binds to DNA in a sequence-specific manner, has been nocytes derived from mice containing a homozygous deletion of
implicated in the cellular response to DNA damage, and ap- p53 as compared with the corresponding cells from mice ex-
pears to play a role in a variety of cellular responses including pressing wild-type p53 (21-24). This suggests that p53 may
growth arrest, apoptosis, differentiation, and senescence (1-4). play a role in the level of p21 expression in untreated. prolif-
Studies to date have documented a role for p53 in transcrip- erating cells. The experiments presented here tested this idea
tional activation of target genes in response to extracellular directly and demonstrate that constitutive expression of the
stimuli including DNA damage leading to a cellular response p21 protein in untreated cells is, indeed, dependent on p53 and
involving either growth arrest or apoptosis. DNA-damaging thus implicate a role for p53 not only in the increased expres-
agents trigger an increase in p53 expression leading to activa- sion of p21 in response to DNA damage leading to either growth

arrest or apoptosis but also in the basal level of expression of
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vector pGL2 (Promega). The plasmid p21D2.1 has 2.1 kb at the 5' end Transfection of Reporter Constructs-MCF 7 , MCF10F, or Saos-2 cells
of the promoter sequence removed and lacks the two p53 response were transfected using the N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-tri-
elements of the p21 promoter (25). The plasmid pRL-SV40 contains the methylammonium salts liposomal transfection reagent (DOTAP, Boeh-
SV40 enhancer and early promoter upstream of a Renilla luciferase ringer Mannheim). One confluent 100-mm dish of cells was split into
reporter gene (Promega). The plasmid pCMV-hdm2 encodes the human three 6-well dishes and incubated for 24 h. Cells were fed with complete
MDM2 protein under control of the cytomegalovirus (CMV) promoter medium containing serum and incubated for an additional 3 h. N-(1-
and the plasmid pCMV-p53Ala-143 encodes the tumor-derived mutant (2,3-Dioleoyloxy)propyll-N,N,N-trimethylammonium salts/DNA mix-
human p53 protein containing a missense mutation of valine to alanine tures containing 2 jg of the relevant reporter plasmid plus 50 ng of the
at residue 143 (26). p53 expression plasmid or an equal amount of an empty vector plasmid

Antibodies and Cells-Saos-2 and W138 cells were obtained from the were prepared according to the manufacturer's instructions and incu-
American Type Culture Collection and were maintained in Dulbecco's bated at room temperature for 15 min. Serum-free medium was then
modified Eagle's medium (DMEM) containing 10% fetal bovine serum added to the mixtures and used to replace the media in the wells. The
(FBS). MCF7 cells were maintained in RPMI medium containing 10% dishes were incubated at 37 °C for 3 h, after which the transfection mix
heat-inactivated FBS and 5 pg/mil insulin. MCF10F cells were grown in was removed and replaced with complete medium containing serum.
50% DMEM and 50% Ham's F12 medium containing 5% horse serum, After 48 h, the 6-well plates were placed on ice and washed once with
20 ng/ml epidermal growth factor, 100 ng/ml cholera toxin, 10 pg/ml PBS. The cells were then lysed by scraping into 120 Ad of Reporter
insulin, and 500 ng/ml hydrocortisone. PA12-p53BN and PA12-p53EN Buffer (Promega Luciferase Assay System), and samples were spun for
are cell lines that produce recombinant retrovirus encoding human 1 min at 14,000 rpm at 4 *C. Total protein concentration was deter-
wild-type p53 or the mutant p53""'2 72 , respectively (27). These cell lines mined using a commercially available assay (Bio-Rad). 40 Al of each
were grown in 10% FBS in DMEM containing high glucose and 400 sample was warmed to room temperature and mixed with luciferase
p.g/ml G418 sulfate. The hybridoma cell line producing the mouse assay substrate that was reconstituted with Luciferase Assay Buffer
monoclonal antibody 1801 was grown in DMEM containing 10% FBS. (Promega). Light emission was determined in a TD-20e luminometer
Hybridoma cell lines expressing the mouse monoclonal antibodies 421 (Turnerl.
and 419 were grown in 50% DMEM and 50% Fischer's medium con- Prep4ration of Nuclear and Cytosolic Extracts-Nuclear and cytoso-
taining 10% FBS. Monoclonal antibody 1801 specifically reacts with lic extracts were performed as described by Graeber et al. (31). Cells
human p53 (28), 421 recognizes p53 from a variety of species, and 419 were homogenized in 10 mm Tris-HC1, pH 7.4, containing 10 mm NaCl,
recognizes an epitope on the SV40 large T antigen (29). All cell lines 6 mm MgCl2 , 1 mm dithiothreitol, 0.4 mi phenylmethylsulfonyl fluo-
were grown at 37 °C in a humid incubator containing 5% CO2. Antibody ride, and 100 AM Na2 VO 4 and spun at 10,000 rpm for 30 s. The super-
against p21wf1f , c was obtained commercially (Ab-i/clone EA10, Cal- natant was saved as the cytosolic extract. The pellet was repacked by
biochem). For treatment with ultraviolet light, the medium was re- spinning at 14,000 rpm for I min and then nuclei were suspended in a
moved, and the cells were exposed to ultraviolet light using a UV nuclear extraction buffer (20 mm Hepes, pH 7.5, containing 20% glyc-
Stratalinker (Stratagene). erol, 500 mM NaCl, 1.5 mm MgCl2,, 0.2 mm EDTA, 0.1% Triton X-100, 1

Northern Analysis-Total RNA was extracted from 5 x 1 0 ' cells mm dithiothreitol, 1 mm phenylmethylsulfonyl fluoride, 50 pA leupep-
using RNAzol (Tel-test), and Northern blot analysis was performed tin, and 50 pg/ml aprotinin), incubated at 4 °C for 1 h, and spun at
following conventional procedures, using a 2.1-kb full-length human 14,000 rpm for 10 min. This supernatant was saved as the nuclear
p21 cDNA or human glyceraldehyde-3-phosphate dehydrogenase cDNA extract. Lactate dehydrogenase activity was assayed according to
(Ambion) as probes. Ramirez et al. (32), and histone levels were determined by immunoblot-

Immunoblotting-Cells were lysed in a buffer containing 0.5% so- ting using an anti-histone antibody that reacts with an epitope that is
dium deoxycholate, 2% Nonidet P-40, 0.2% sodium dodecyl sulfate present on all five histone proteins (H11-4, Boehringer Mannheirn-.
(SDS), 50 mm NaCl, 25 mni Tris-HCl, pH 7.5, and the protease inhibi- Such assays showed less than 10% cross-contamination between cyto-
tors, phenylmethylsulfonyl fluoride (1 mrm), aprotinin (50 Ag/ml), and solic and nuclear extracts.
leupeptin (50 jg/ml) for 10 min on ice. Lysates were spun at 15,000 rpm Electrophoretic Mobility Shift Assays-The specific probe that was
for 10 min, and the supernatant was saved. Protein levels were deter- used for binding, TCGAGCCGGCATGTCCGGGCATGTCCGGGCAT-
mined by the bicinchoninic acid protein assay (Pierce). Appropriate GTC, contains the high affinity binding sequence identified by Hala-
amounts of total cellular protein were loaded on 10% SDS-polyacryl- zonetis et al. (11) named by them BC or BB.9. In the competition
amide gels and electrophoresed at 150 V constant voltage for 3 h. experiments, the nonspecific oligonucleotide (referred to as Sens-1D,
Samples were transferred to nitrocellulose paper and probed with the TCGAAGAAGACGTGCAGGGACCC, was used. Complementary sin-
appropriate antibody. Second antibody was a horseradish peroxidase- gle-stranded oligonucleotides were annealed by incubation at 95 °C for
conjugated goat anti-mouse IgG, and the signal was detected by the 4 min, 65 °C for 10 min, and then gradually brought to room tempera-
enhanced chemiluminescence method (Amersham Pharmacia Biotech). ture. Ends were filled using the Klenow fragment of DNA polymerase to

Establishment of Retrovirally Infected Cells Expressing Ectopic p53- produce a labeled double-stranded oligonucleotide. Appropriate
The retrovirus-producing cell lines PA12-BN and PA12-EN were grown amounts of extracts (1-7 Al) were mixed with 1 ng of labeled double-
to 75% confluence and fed with fresh DMEM containing 10% FBS. After stranded oligonucleotide in a total reaction mixture of 30 Al containing
incubation at 37 °C for 16 h, the superuatant was harvested and filtered 6 Il of 5X electrophoretic mobility shift assay buffer (100 mmd Hepes, pH
through a 0.2-gim filter. Old medium was removed from a subconfluent 7.9, 0.5 mm EDTA, 50% glycerol, 10 mM MgC12), 1.5 I1 of 40 mi
60-mm dish of Saos-2 cells and replaced with 1 ml of filtered superna- spermidine, 1.5 pl of 10 mm dithiothreitol, 1 1.l of 500 gg/ml double-
tant containing 8 Ig/ml Polybrene. Dishes were rocked for 2 h at 37 0C stranded poly(dI/dC), and 5-13 A1 of water with a final salt concentra-
in a humid incubator containing 5% CO2 and then 3 ml of DMEM tion of 85 mm. The amount of total protein per reaction was normalized.
containing 10% FBS was added to the dish, and it was further incu- and the reactions were carried out at room temperature for 30 rain. For
bated for 48 h. The cells were then trypsinized and replated in a antibody supershift analysis, 2 A1 of the appropriate undiluted hybri-
100-mm dish using DMEM containing 10% FBS and 400 pg/ml G418 doma supernatant was added. His-tagged human p53 was produced by
sulfate. Cells were fed every 3 days with this same medium. After 2 infection of insect cells with a recombinant baculovirus and purified by
weeks, the resulting drug-resistant colonies were pooled and passaged. nickel-agarose chromatography and used as a positive control (52,.

Incorporation of Bromodeoxyuridine-For detecting replicative DNA Samples were electrophoretically separated on a native 4% polyacryl-
synthesis, cells were incubated with 10 Am bromodeoxyuridine for 30 amide gel at 4 0C at 200 V for 2 h. After drying, gels were exposed to
min prior to fixation. The proportion of cells actively synthesizing DNA Kodak XAR film at -70 0C with an intensifying screen.
was quantitated by anti-bromodeoxyuridine immunoanalysis, and the
total DNA content was analyzed by staining with propidium iodide as RESULTS
described previously (30). Cells were fixed with 70% ethanol for at least
2 h, resuspended in the following solutions in order: 0.25% paraform- MCF1OF Cells Express Detectable Levels of p21 mRNA and
aldehyde in phosphate-buffered saline (PBS), 0.5 mg/ml ribonuclease A Protein, Whereas p53-Negative Saos-2 Cells Do Not-Previous
in PBS, 0.5% Triton X-100 in 0.1 N HC1, and finally distilled water, studies have noted that either fibroblasts or keratinocytes from
Samples were then heated at 97 'C for 10 min, immediately placed on mice that were homozygously deleted for p53 expressed lower
ice for additional 10 min, and washed with 0.5% Tween 20 in PBS. The basal levels of p21 mRNA as compared with fibroblasts or
incorporation of bromodeoxyuridine was detected by monoclonal anti-
bromodeoxyuridine antibody conjugated to fluorescein isothiocyanate keratinocytes from mice expressing both alleles of the wild-type
(Becton Dickinson). Flow cytometric analysis was performed using a p53 gene (21-24). To characterize further a role for p53 in the
FACScan flow cytometer (Becton Dickinson). basal level of expression of p21, the p53-negative cell line
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A MCF10F Saos-2 A Saos-2
"none his" wt MCF10F

p21 p53" -0- 46 • 1

1 2 3 4 5

GAPDH B3 Saos-2

- wt his" W138 MCF1OF MCF7

B MCF1OF Saos-2 p53 .

+ + HMBA

p21 .~p21 -0

FIo. 1. MCF10F cells express detectable levels of p21 mRNA 1 2 3 4 5
and protein, whereas p53-negative Saos-2 cells do not. A, RNA FIG. 2. Retroviral infection of Saos-2 cells restores expression
was extracted from wild-type p53-expressing MCF10F and p53-nega- of p53 and p21. A, Saos-2 cells were infected with a recombinant
tive Saos-2 cells, and Northern analysis was performed as described retrovirus expressing either wild-type p53 or the mutant p53 Hi

2 73
.

under "Experimental Procedures." Blots were probed with either a Selection was performed in G418 sulfate, and drug-resistant pools of
cDNA for human p21 or glyceraldehyde-3-phosphate dehydrogenase cels were obtained. Equivalent amounts of total cellular extract of
(GAPDH) as indicated. B, MCF10F or Saos-2 cells were left untreated paent Saos-2 cells (lane 2), the His2 TS-expressing Saos-2 cells (lane 3),
or treated with 10 mms HMBA for 16 h. Whole cell extracts were pre- the wild-type (wt) p53-expressing Saos-2 cells (lane 4), or MCF1OF cells
pared and subjected to electrophoresis and subsequent immunoblotting (lane 5) were electrophoresed on a 10% SDS-polyacrylamide gel, trans-
using an anti-p21 antibody as described under "Experimental ferred to nitrocellulose, and immunoblotted with an anti-p53 antibody.
Procedures." Purified human p53 is shown in lane 1. B, equivalent amounts of total

cellular extract of Saos-2 cells expressing either wild-type p53 (lane 1)
or the His273 mutant p53 (lane 2) were electrophoresed on a 10%

Saos-2 was compared with the wild-type p53-expressing cell SDS-polyacrylamide gel, transferred to nitrocellulose, and immuno-
line MCF1OF. Total RNA was extracted from each cell line, and blotted with either an anti-p53 or anti-p21 antibody.
Northern analysis was performed. The p53-negative Saos-2 cell
line expressed low levels of p21 mRNA as compared with the expression of wild-type p53 that was obtained using recombi-
wild-type p53-expressing MCF10F cells (Fig. 1A). Total cellular nant retroviral infection was sufficiently low to allow the cells
extracts of each cell line were subjected to SDS-polyacrylamide to continue to grow (Table I). These drug-resistant pools were
gel electrophoresis and subsequent immunoblotting with an labeled with bromodeoxyuridine and subjected to flow cytomet-

anti-p21-specific antibody (Fig. 1B). MCF10F cells expressed a ric analysis to demonstrate that they were actively incorporat-
detectable level of p21, whereas the level of p21 expression in ing DNA. Indeed, the pools expressing wild-type p53 had a
Saos-2 cells was undetectable. To confirm that Saos-2 cells similar percentage of bromodeoxyuridine-positive cells as the
retained the ability to synthesize p21, both MCF10F and parent cell line, the pool expressing mutant p53, or the wild-
Saos-2 cells were treated with 10 mim NN'-hexamethylene- type p53 expressing cell lines W138, MCF10F, or MCF7 (Table
bisacetamide (HMBA). HMBA is a non-retinoid, differentiating I). These pools were then examined for the level of p21 expres-
agent that has previously been shown to induce p21 expression sion. Immunoblotting of whole cell extracts demonstrated that
in a p53-independent manner (24). Treatment of Saos-2 cells Saos-2 cells expressing wild-type but not mutant p53 expressed
with HMBA induced expression of p21 demonstrating that a level of p21 that was comparable to that of W138 or MCF7
Saos-2 cells retained the ability to synthesize p 2 1 . Thus, both cells and, in fact, was greater than that seen with MCF10F
the level of protein and messenger RNA for p21 were much cells (Fig. 2B). Thus, restoration of expression of wild-type p53
higher in the p53-expressing MCF10F cells than in the p53- in a p53-negative cell line also restored a basal level of expres-
negative Saos-2 cells. sion of p21.

Retroviral Infection of Saos-2 Cells Restores Expression of Constitutive Expression of Luciferase Reporter Constructs
p53 and p21-Previous studies have shown that restoration of Containing the p21 Promoter Is p53-dependent-The observa-
wild-type p53 expression through transfection of a suitable tion that reintroduction of p53 expression in Saos-2 cells re-
expression plasmid did not allow for establishment of stable stored a basal level of p21 expression (Fig. 2) suggests that in
cell lines expressing wild-type p53 (33-37). This was presum- the absence of DNA damage, p53 regulates expression of p21.
ably due to the fact that plasmid transfection results in a high To test directly this notion and to confirm that such regulation
level of expression of p53 which is incompatible with cell pro- is at the level of transcription, wild-type p53-expressing MCF7
liferation. Chen et al. (27) utilized recombinant retroviral in- cells were transfected with a luciferase reporter construct con-
fection to restore a level of wild-type p53 expression in Saos-2 taining 2.4 kb of the human p21 promoter. To determine
cells that was comparable to that seen in normal cells and that whether the basal level of expression that is observed was
was compatible with continued proliferation of these cells. To p53-dependent, an expression plasmid for the human MDM2
that end, Saos-2 cells were infected with recombinant retrovi- protein was co-transfected with the reporter. Mdm2 binds to
ruses expressing either wild-type human p53 or the mutant p53 and inhibits its transcriptional activity, apparently by
human p5 3 iH-273, and pools of G418 sulfate-resistant cells targeting the p53 protein for degradation (19, 38-41). Trans-
were established. Immunoblotting of whole cell extracts from fection of MCF7 cells with a luciferase reporter construct under
these drug-resistant pools demonstrated that both wild-type control of the p21 promoter, p21P, confirmed a basal level of
(Fig. 2A, lane 4) and mutant (Fig. 2A, lane 3) p53 expression activation of the p21 promoter (Figs. 3 and 4A). Co-transfection
could be detected in comparison to the parent cells which are of an expression plasmid encoding human MDM2 protein
p53-negative (Fig. 2A, lane 2). Furthermore, the pool of Saos-2 caused repression of that basal level of expression (Fig. 3 and
cells expressing wild-type p53 expressed a level that is compa- 4A). Deletion of the p53-binding sites from this reporter (p21P
rable to the endogenous p53 level in MCF10F cells (Fig. 2A, 2.1) resulted in a complete loss of basal luciferase activity (Fig.
lane 5). Consistent with previous observations, this level of 3). In contrast, co-transfection of the plasmid encoding Mdm2
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TABLE I contains Renilla luciferase under the control of the SV40 en-
Incorporation of bromodeoxyuridine into the DNA of various cell lines hancer and early promoter. This latter reporter construct was

Cell line Bromodeoxyuridine used to normalize for transfection efficiency. The results of this
positive cells* analysis demonstrated that, indeed, both MCF7 and MCF10F

% have a much higher basal level of expression of p21P than the
W138 12 p53-negative Saos-2 cells (Fig. 4D).
MCF10F 22 To provide further evidence that the basal expression that is
MCF7 27
Saos-2 24 seen upon transfection of MCF7 cells with p2lP is p53-depend-

Saos-2 (wt)b 23 eat, MCF7 and Saos-2 cells were co-transfected with p21P and

Saos-2 (His2
73)b 24 increasing amounts of an expression plasmid encoding a dom-

Cells were labeled with 1 pm bromodeoxyuridine for 30 min, fixed, inant-negative mutant p53A'A*1 43 (45). Increasing amounts of

and processed for flow cytometric analysis as described under "Exper- the p53Aia" 4
S expression plasmid repressed the basal level of

imental Procedures." expression ofp21P in MCF7 cells but not in Saos-2 cells (Fig. 5).
b Pools of G418 sulfate-resistant Saos-2 cells that had been infected Thus, co-transfection of either a dominant-negative p53 or the

with recombinant retrovirus expressing either wild-type (wt) or mutant
(His27 s) p53 proteins. human MDM2 protein, both of which are capable of inhibiting

the endogenous wild-type p53, caused repression of the basal

1000 level of expression from the reporter construct containing the

p21 promoter. In contrast, co-transfection of the dominant-
0 800 negative p53 or the human MDM2 protein into the p53-nega-
0.

0 H CMV-hdm2 tive Saos-2 cells had no effect on the low level of luciferase
.. OV600 ----- activity seen in these cells from the same reporter construct.

_I p 5 3 in Nuclear Extracts of Untreated Cells Is Capable of

"J 400 1 Binding to DNA in a Sequence-specific Manner-The data pre-
sented thus far implicate a role for endogenous p53 in tran-

• 200 .scriptional activation of the p21 promoter in untreated prolif-
4b 200 o binding t DNA To examine t e.ectro-

"0 p2erating cells. If this is the case, then this endogenous p53
-J should be capable of binding to DNA. To examine this, electro-

0 p2.1 p21P phoretic mobility shift assays utilized nuclear extracts from
SP p21 P A2.1 l Pthree different wild-type p53-expressing cell lines, W138,

MCF7 cells Saos-2 cells MCF10F, and MCF7 to demonstrate that, indeed, the endoge-

FIG. 3. Deletion of the p53 response elements results in loss of nous p53 was capable of binding to DNA prior to DNA damage.
basal expression of a luciferase reporter containing the p21 All three cell lines were either untreated or treated with 50
promoter. MCF7 cells or Saos-2 cells were transfected as described J/m 2 of ultraviolet light and then were fractionated into nu-
under "Experimental Procedures" with 2 pg of p2lP or p21P 2.1 and
either 50 ng of pCMV or pCMV-hdm2 as indicated. 18 h prior to lysis, clear and cytosolic extracts. Immunoblotting for p53 demon-

a set of wells containing only pCMV were treated with 50 J/m 2 of strated that prior to DNA damage, W138 and MCF10F cells
ultraviolet light, indicated by +UV. 48 h after transfection, cells were express a p53 that was primarily localized to the nucleus (Fig.
washed, lysed, and assayed for luciferase activity and total protein 6, lanes 1 and 2, and 5 and 6), whereas the p 5 3 in untreated
levels as described under "Experimental Procedures." The indicated
values are from a representative experiment that had been performed MCF7 cells was present primarily in the cytoplasm with a low

in duplicate, level detectable in the nuclear fraction (Fig. 6, lanes 9 and 10).
After treatment with ultraviolet light, the p53 levels increased

into the p53-negative Saos-2 cells had no effect on the low level substantially in all three cell lines (Fig. 6, lanes 3-4, 7 and 8,

ofluciferase activity seen in these cells from the same reporter and 11-12). Extracts were assayed for a cytoplasmic marker,

construct (Figs. 3 and 4C). Treatment of MCF7 cells with lactose dehydrogenase,
3 as described under "Experimental Pro-

ultraviolet light induced expression of the full-length p21 pro- cedures" and were immunoblotted for a nuclear marker, his-

moter construct but not the construct that lacks the p53-bind- tone Hi (Fig. 6, lower panel). It is estimated that there was less

ing sites (Fig. 3). Furthermore, treatment of Saos-2 cells with than 10% cross-contamination between the cytoplasmic and

ultraviolet light had no effect on the expression of luciferase nuclear extracts using these markers.

from the full-length p21 promoter reporter construct (Fig. 3) Nuclear and cytoplasmic extracts from untreated and UV-

These latter results are consistent with the fact that MCF7 treated MCF cells were normalized for level of p53 protein and

cells express a functional wild-type p53 protein (42-44).2 used in an electrophoretic mobility shift assay using a consen-

The ability of the Mdm2 protein to repress basal expression sus p53-binding site as radiolabeled probe (Fig. 7). Both the

from a luciferase reporter containing the full-length p21 pro- nuclear and cytoplasmic extracts from UV-treated cells dem-

moter was confirmed in the wild-type p53-expressing cell line onstrate a shifted complex with a similar mobility as that of

MCF10F (Fig. 4B). Similar to MCF7 cells (Fig. 4A) and in purified p
5 3 (Fig. 7, lanes 11 and 14). The p53-specific antibody

contrast to the p53-negative Saos-2 cells (Fig. 4C), co-transfec- 1801 efficiently supershifted this complex, whereas the nonspe-

tion of the expression plasmid for Mdm2 protein inhibited the cific antibody 419 did not (Fig. 7, lanes 12-13 and 15-16). The
constitutive level of expression that is seen with the reporter extracts from untreated cells contained a shifted complex with
p21P. The apparently low level of basal expression seen in a similar mobility as purified p 5 3 (Fig. 7, lanes 5 and 8).

Saos-2 cells further strengthens the notion that the basal level Incubation with the p53-specific antibody 1801 produced a

of expression is p53-dependent. To confirm that this is indeed slower migrating complex but did not substantially affect the

the case and not a reflection of different transfection efficien- original protein-DNA complex (Fig. 7, lanes 6 and 9). The

cies by the various cell lines, MCF7, MCF10F, and Saos-2 cells nonspecific antibody 419 had no such effect (Fig. 7, lanes 7 and

r that 10). This result suggests that there is p53 in these extracts
were co-transfected with p21P and an additional reporter which is capable of binding to DNA, but there is also an addi-

2 H.-Y. Tang, K. Zhao, J. Langer, S. Waxman, and J. J. Manfredi,
submitted for publication. H.-Y. Tang and J. J. Manfredi, unpublished observations.
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tional DNA-binding protein that is distinct from p53 which presence of increasing amounts of either specific probe, BB.9,
produces a shifted complex of similar mobility as purified p53. or a nonspecific probe, Sens-1. Since it was difficult to detect
To test this, nuclear extracts of untreated MCF7 cells were the p53-DNA complex in the absence of antibody, the competi-
immunoprecipitated with an anti-p53 antibody to clear all de- tion was also performed in the presence of the p53-specific
tectable p53 protein from the extract as determined by immu- antibody 1801. Increasing amounts of unlabeled BB.9 (Fig. 8B,
noblotting.4 This extract was compared in an electrophoretic lanes 9-11) competed well for the binding to 1801-supershifted
mobility shift assay with a comparable extract that had been complexes, whereas increasing amounts of Sens-1 (Fig. 8B,
immunoprecipitated with the nonspecific antibody 419 as a lanes 12-14) did not. The faster migrating complex that did not
control as well as a nuclear extract for UV-treated cells that appear to contain p53 was similarly competed suggested that
had similarly been immunoprecipitated with 419 (Fig. 8A). the binding of this protein is also sequence-specific (Fig. SB).
Incubation of the p53-specific antibodies 1801 or 421 with The untreated MCF7 cells used in these experiments ex-
untreated nuclear extracts resulted in the detection of slow pressed an endogenous p53 that is localized primarily in the
migrating DNA-protein complexes that were not present in the cytoplasm (Fig. 6). The DNA binding results were subsequently
absence of antibody (Fig. 8A, lanes 2 and 3). These slower confirmed in W138 and MCF1OF cells in which the p53 is
migrating complexes were not seen in an extract that had been primarily nuclear prior to DNA damage (Fig. 6). Nuclear and
cleared of p53 by immunoprecipitation but were present in cytoplasmic extracts from untreated and UV-treated W138 and
extract that had been immunoprecipitated with a nonspecific MCF10F cells were normalized for level of p53 protein and used
antibody (Fig. 8A, lanes 5 and 6 and 8 and 9). Clearing of p53 in similar electrophoretic mobility shift assays (Fig. 9). Both
from the extract had no effect on the protein-DNA complex that the nuclear and cytoplasmic extracts from UV-treated cells
migrated to a similar mobility as the p53-DNA complex, con- from both cell lines demonstrated a shifted complex with a
firming that there is a DNA-binding protein in the extract similar mobility as that of purified p53 (Fig. 9, A and B, lanes
which is distinct from p53. Extracts from UV-treated cells were 11 and 14). The p53-specific antibody 1801 efficiently super-
used to identify the p53-DNA complex that was confirmed by shifted this complex, whereas the nonspecific antibody 419 did
its ability to be efficiently supershifted by both 1801 and 421 not (Fig. 9, A and B, lanes 12 and 13, and 15 and 16). As seen
(Fig. 8A, lanes 11 and 12). To determine that the binding that with extracts from MCF7 cells, the extracts from untreated
was seen was sequence-specific, competition experiments were W138 or MCF10F cells contained a shifted complex with a
performed (Fig. 8B). Nuclear extract from untreated MCF7 similar mobility as purified p53 (Fig. 9A, lane 5, and 9B, lanes
cells was used in an electrophoretic mobility shift assay in the 5 and 8). Incubation with the p53-specific-antibody 1801 pro-
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described under "Experimental Procedures." 1 ng of radiolabeled probeFIG. 5. Ectopic expression of the mutant human p53A`z43 pro- (BB.9) was incubated in the absence of protein (lane 1), or in the
tein represses basal expression of a lueiferase reporter contain- presence of 0.5 1Lg of human purified human p53 (lanes 2-4) or the
ing the p21 promoter in a dose-dependent manner. MCF7 cells (A) appropriate amount of nuclear (lanes 5-7 and 11-13) or cytosolic (lanes
or Saos-2 cells (B) were transfected as described under "Experimental 8-10 and 14-16) extracts as indicated. The level of p53 loaded in
Procedures" with 2 gg of p2 1P alone or in the presence of 50, 100, 200, clua xrcswsnraie yajsigtettlpoen nu

or 00 g opCV-p3•'~sas indicated. 48 h later cells were washed, bations were performed either with no addition (lanes 1, 2, 5, 8, 10, and
lysed, and assayed for luciferase activity and total protein levels as 14) or in the presence of either 1801 (anti-p53 antibody, lanes 3, 6, 9, 12,
described under "Experimental Procedures." The indicated values are and 15) or 419 (anti-SV40 large T antigen, lanes 4, 7, 10, 13, and 16).
from a representative experiment that had been performed in duplicate. The arrow indicates the position of the p53-DNA complex, and the

bracket indicates the position of the supershifted p53-DNA-antibody
W138 MCF10OF MCF7 complex.

+UV +UV +UV
C N C N C N C N C N C N 1801 but not the nonspecific antibody 419 in untreated extracts

ps3-1 ,.' "•" from all three cell lines is consistent with the notion that the
S.....•-• ]endogenous p53 in these cells is capable of binding to DNA in

untreated, proliferating cells.
H1•"#••LIMz*A :!• B.i: ' DISCUSSION

1 2 3 4 5 6 7 8 9 10 11 12 Previous studies have suggested that p53 exists in a latent or

FIG. 6. Biochemical fractionation demonstrates that nuclear incvefr inutaedelsndhtupnDA amg
p53 levels increase upon LTV treatment in W138, MCF10F, and not only does the p53 level increase but the p53 itself is mod-
MCF7 cells. W138, MCF10F, or MCF7 cells were untreated or treated ified in some way to, activate it for DNA binding and transcrip-
with 50 J/m' of ultraviolet light (+ UV) and then incubated at 37 °C for tional activation. Reintroduction of p53 into the p53-negative
20 h prior to fractionation into cytosolic (C) or nuclear extracts (N) as cell line Saos-2 restored a constitutive level of expression of the
described under "Experimental Procedures." Samples were electro-
phoresed on a 10% SDS-polyacrylamide gel, transferred to nitrocellu- cyclin-dependent kinase inhibitor p21. (Fig. 2). A similar result
lose, and immunoblotted with the anti-p53 monoclonal antibody 1801 or has been reported upon similar retroviral infection of a p53-
a polyclonal antibody directed against histone HI as indicated. The negative peripheral neuroepithelioma cell line (46). These re-
protein level for the cytosolic samples ranged from 60 to 120 gg. For sults suggest that the endogenous p53 in untreated, prolifer-
each cell line, the cytosolic and nuclear samples were normalized so
that the loaded samples were obtained from an equivalent number of ating cells may be capable of transcriptionally regulating p2l.
cells. expression. Indeed, experiments involving transfection of wild-

type p53-expressing MCF7 cells with a luciferase reporter con-
duced a slower migrating complex but did not substantially struct containing the p21. promoter have confirmed that this is
affect the original protein-DNA complex (Fig. 9, A and B, lanes the case (Figs. 3-5). A reporter containing the full-length p21
6 and 9). The nonspecific antibody 419 had no such effect (Fig. promoter but not a promoter construct in which the p53 re-
9, A and B, lanes 7 and 10). These results are consistent with sponse elements have been deleted demonstrated a basal level
those seen with extracts of MCF7 cells demonstrating that of expression in MCF7 or MCF10F cells but not in p53-negative
there is p53 in these extracts that is capable of binding to DNA Saos-2 cells (Fig. 4). This basal level of expression was inhib-
but there is also an additional DNA-binding protein that is ited by coexpression of either a dominant-negative p53 or the
distinct from p53 that produces a shifted protein-DNA complex human MDM2 protein (Figs. 3-5). These results imply that the
of a similar mobility as p53. The presence of a slower migrating endogenous p53 in MCF7 or MCF10F cells is capable of binding
shifted complex that was induced by the p53-specific antibody to DNA. This was directly tested through the use of electro-
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FIG. 8. p5 3 in nuclear extracts of untreated MCF7 cells binds
to DNA in a sequence-specific manner. A, nuclear extracts of MCF7 FIG. 9. p53 in nuclear extracts of untreated W138 or MCF10F
cells that were untreated (lanes 1-9) or treated with 50 J/m 2 ultraviolet cells binds to DNA in an electrophoretic mobility shift assay.
light (UV, lanes 10-12) were used directly (lanes 1-3) or immunopre- Nuclear and cytosolic extracts were prepared from W138 (A) or MCF10F
cipitated with either an anti-p53 antibody 421 (lanes 4-6) or an anti- (B) cells that were untreated (lanes 5-10) or 24 h after treatment with
SV40 large T antigen antibody 419 (lanes 7-12). The resulting super- 50 J/m2 of ultraviolet light (lanes 11-16). Electrophoretic mobility shift
natants were used in an electrophoretic mobility shift assay using 1 ng assay was performed as described under "Experimental Procedures." 1
of radiolabeled probe (BB.9). Incubations were performed either in the ng of radiolabeled probe (BB.9) was incubated in the absence of protein
absence (lanes 1, 4, 7, and 10) or presence of 1801 (anti-p53 antibody, (lane 1), or in the presence of 0.5 1.g of human purified human p53
lanes 2, 5, 8, and 11) or presence of 421 (anti-p534 antibody, lanes 3, 6, (lanes 2-4) or the appropriate amount of nuclear (lanes 5-7 and 11-13)
9, and 12). The arrow to the left indicates the position of the p53-DNA or cytosolic (lanes 8-10 and 14-16) extracts as indicated. The level of
complex, and the bracket to the right indicates the position of the p53 loaded in cellular extracts was normalized by adjusting the total
supershifted p53-DNA-antibody complex. B, 1 ng of radiolabeled probe protein. Incubations were performed either with no addition (lanes 1, 2,
(BB.9) was incubated with an appropriate amount of nuclear extract 5, 8, 10, and 14), or in the presence of either 1801 (anti-p53 antibody,
alone (lanes 1 and 8), or in the presence of increasing amounts of lanes 3, 6, 9, 12, and 15) or 419 (anti-SV40 large T antigen, lanes 4, 7,
unlabeled BB.9 oligonucleotide (lanes 2-4 and 9-11) or increasing 10, 13, and 16). The arrow to the left indicates the position of the
amounts of a nonspecific oligonucleotide, Sens-1 (lanes 5-7 and 12-14). p53-DNA complex, and the bracket to the right indicates the position of
Incubations were performed either in the absence (lanes 1-7) or pres- the supershifted p53-DNA-antibody complex.
ence of 1801 (anti-p53 antibody, lanes 8-14). The bracket to the right
indicates the position of the supershifted p53-DNA-antibody complex.

reasons. The presence of a BB.9-binding protein that is not p53
in the untreated extracts made it necessary to supershift gel

phoretic mobility shift assays (Figs. 7-9). Although untreated shift complexes containing p53 in order to detect the complex of
extracts from either MCF7, MCF1OF, or W138 cells contain a p53 with the probe (Figs. 7-9). Use was made of the antibody
DNA-binding protein other than p53 which is capable of shift- 1801 that has an epitope on p53 near the amino-terminal end
ing a specific radiolabeled probe representing a p53 consensus of the protein (28). Studies have demonstrated that in contrast
binding site, experiments in the presence of a p53-specific to 421, 1801 does not restore DNA binding activity to mutant
monoclonal antibody 1801 clearly demonstrated that p53 in p53 proteins (48). It does, however, exert an enhancing effect on
these extracts could bind to DNA in a sequence-specific manner the ability of p53 to bind to DNA, but this is due to the ability
(Figs. 7-9). Taken together, these results demonstrate that of 1801 to stabilize p53 against thermal denaturation that
endogenous p53 in untreated, proliferating cells is capable of occurs during the incubations that are performed to detect
binding DNA and activating transcription. Thus, p5 3 is impli- specific DNA binding (48, 49). Hence, it is unlikely that 1801 is
cated as playing a role in constitutive expression of a particular conferring on the p53 in untreated cell extracts an ability to
target gene, that of the cyclin-dependent kinase inhibitor p21, bind to DNA that this p53 would not otherwise have. Thus, the
in proliferating cells in the absence of treatment with DNA- supershifted complexes produced by incubation with 1801 do
damaging agents. indeed reflect the ability of endogenous p53 in the cell to

Attempts to demonstrate the ability of p53 from nuclear interact in a specific manner with DNA.
extracts to bind DNA have often relied on the use of monoclonal Studies utilizing mice that have been homozygously deleted
antibody 421. The epitope for 421 is located in the carboxyl end for p53 have shown that the majority of tissues express p21 in
of p53, a region that has been suggested to have a negative a p53-independent manner. Only in the spleen was there sub-
effect on the sequence-specific DNA binding of p5 3 (10-15). stantial differences in p21 expression between p53-null and
Studies in vitro have demonstrated that 421 can stimulate the p53-expressing animals (24). These results indicate that in
binding of wild-type p53 and in some cases can activate select addition to the p53-dependent mechanism demonstrated here,
tumor-derived mutant p53 proteins that are incapable of bind- there must also be p53-independent mechanisms for the regu-
ing to DNA in the absence of antibody (10-12, 14, 47). In the lation of basal levels of p21 expression.
electrophoretic mobility shift analyses performed here, care Nevertheless, treatment of cells with DNA-damaging agents
was taken to avoid the use of monoclonal antibody 421 for these clearly inhibits cellular proliferation and involves an increase
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